Xanthomonas massiliensis strain SN6
Introduction
The first member of the genus Xanthomonas was described by Dowson [1] , and the genus [2] contains plant-associated bacteria that establish neutral, commensal or pathogenic relationships with plants. Taxonomically, the members of this genus were revised several times because the taxonomy had been previously based on host specificity. Each bacterium isolated from a new host was considered as a new species. Dye and Lelliott [2] reduced the number of species from about 120 to the following five: Xanthomonas campestris, Xanthomonas albilineans, Xanthomonas axonopodis, Xanthomonas fragariae and Xanthomonas ampelina. The others were grouped together as nomenspecies in the X. campestris group (pathovar). In 1995, Vauterin et al. [3] partially clarified the classification and described 20 species among the three former species, X. axonopodis, X. fragariae and X. albilineans, and 62 pathovars of X.
campestris, on the basis of DNA ± DNA hybridization data and biochemical and physiological tests. However, members of the genus Xanthomonas can be differentiated from members of the phylogenetically closest genus Pseudoxanthomonas by the absence of reduction of nitrates to nitrites and the presence of C13:0 iso 3-OH fatty acid [4] .
Members of the Xanthomonas genus were known exclusively as plant-associated organisms and did not durably colonize other niches [5] . However, during the study of the bacterial diversity of the human microbiota by culturomics [6] , a strain of Xanthomonas was isolated from the stool sample of an obese French patient. It is the first Xanthomonas isolate identified in humans to date. Here we report the characterization of strain SN6 as a novel species of the genus Xanthomonas, Xanthomonas massiliensis strain SN6 (= CSUR P2129 = DSM 100900), with a description of the complete genomic sequence and its annotation.
41-year-old obese Frenchwoman hospitalized in September 2012 at the La Timone Hospital in Marseille, France. This study and the assent procedure were validated by the ethics committee of the IFR48 Federative Research Institute Marseille under number 09-022, and we obtained the signed consent of the patient.
After collecting the stool, a portion of a sample was stored at −80°C until use. In June 2015, the stool sample was cultivated as part of an exploration of the human microbiome centred on microaerophilic bacteria the. Part of the frozen aliquot of the specimen (approximately 1 g) was taken out and diluted in 900 μL of phosphate-buffered saline (Life Technologies, Carlsbad, CA, USA) following ten serial dilutions to obtain 1/10. Inoculum (50 μL) was seeded on Columbia agar supplemented with 5% sheep's blood (bioMérieux, Marcy l'Etoile, France) and incubated under microaerophilic conditions (7% O 2 , 5% H 2 , 10% CO 2 , 85% N 2 ) using the generator CampyGen (Thermo Scientific, Villebon-sur-Yvette, France) at 37°C for 48 hours.
Strain identification
After 48 hours of incubation in microaerophilic conditions, pure colonies were isolated on Columbia agar and identified by proteomic analysis using matrix-assisted desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) following the same protocol as previously described by Seng et al. [7] with a Microflex spectrometer (Bruker Daltonics, Leipzig, Germany). All obtained spectra of strain SN6 were imported into the MALDI BioTyper software (version 2.0; Bruker) and analysed by standard pattern matching (with default parameter settings) and compared to those of the BioTyper database and our own collection. Thus, a score of >2 allowed identification at the species level, and a score of <1.7 did not allow any identification.
If the identification of the spectrum from colonies selected and purified several times by subculturing on Columbia agar failed, then the 16S rRNA gene was amplified and complete genome sequencing was carried out as previously described [8] .
The nucleotide sequence obtained was corrected using Chromas Pro 1.34 software (Technelysium, Tewantin, Australia) and compared to the nucleotide database using the BLAST similarities web services in the online PubMed National Center for Biotechnology Information (NCBI) database (http://blast. ncbi.nlm.nih.gov.gate1.inist.fr/Blast.cgi). As suggested previously, similarity level thresholds of 98.65% and 95% allowed the definition of a new species or a new genus, respectively [9, 10] .
Growth conditions and morphologic characterization Strain SN6 was isolated at first under microaerophilic conditions (CampyGen) at 37°C for 48 hours on Columbia medium supplemented with 5% sheep's blood (COS) agar (bioMérieux) and we also tested its growth under aerobic and anaerobic conditions generated by AnaeroGen (bioMérieux). The minimum and maximum growth temperature ranges (28°C, 37°C, 45°C, 55°C) were determined as well as maximum salinity levels (0-5, 50-75, 100 g/L NaCl). The ability of the strain to grow on media with different pH was also tested. The colonies appeared on day 3 after culture on Columbia agar, and their diameter was measured. Cell morphology, Gram staining and motility were observed in fresh colonies using a DM1000 photonic microscope (Leica Microsystems, Nanterre, France) with a 40 × objective lens. Sporulation was tested by thermal shock, which consists of exposing the bacterium to a temperature of 60°C for 20 minutes and then watching its growth after 48 hours. Negative staining was carried out with detection Formvar-coated grids placed on a drop of 40 μL of bacterial suspension (after an overnight fixation in glutaraldehyde 2.5%) and incubated at 37°C for 30 minutes, followed by a 10-second incubation in 1% ammonium molybdate. The grids were dried on blotting paper and finally observed using a Tecnai G20 transmission electron microscope (FEI Company, Limeil-Bré-vannes, France).
Biochemical characterization
The biochemical properties of strain SN6 were characterized using API ZYM, API 20NE and API 50CH strips, according to the manufacturer's instructions (bioMérieux) for testing of carbon source utilization and enzyme activity. The presence of catalase and oxidase activities was tested by using a BBL DrySlide (Becton, Le Pont de Claix, France) according to the manufacturer's instructions. The analysis of cellular fatty acid methyl ester composition was performed by gas chromatography/mass spectrometry (GC/MS). Two samples of approximately 100 mg of bacterial biomass per tube collected from five fresh culture plates were used for the extraction of cellular fatty acid methyl esters with the protocol described by Sasser [11] . GC/MS analyses were carried out as described by Dione et al. [12] .
Antibiotic susceptibility
The sensitivity to classical antibiotics was tested to determine the antibiogram profile of strain SN6 using the disc diffusion method following the European Committee on Antimicrobial Susceptibility Testing 2016 recommendations (http://www. eucast.org). A suspension of 0.5 McFarland of the species was grown on Mueller-Hinton agar in a petri dish (bioMérieux), and the discs used were provided by i2a (Montpellier, France). The reading of inhibition diameters according to manual measurement by using a ruler was done after 48 hours of incubation at 37°C under aerobic conditions with the Sirscan system (i2a).
Genome sequencing and assembly A EZ1 DNA tissue kit was used to extract the DNA of strain SN6 on the EZ1 biorobot (Qiagen, Courtaboeuf, France) after pretreatment by lysozyme incubation at 37°C as previously described [13] .
Genomic DNA (gDNA) was quantified by a Qubit assay with the high sensitivity kit (Life Technologies) and sequenced on the MiSeq Technology (Illumina, San Diego, CA, USA) with the mate-pair strategy as previously described [14] . The Nextera Mate sample collection kit (Illumina) was used to mix DNA previously barcoded with 11 other projects. An assembly of six different software packages (Velvet [15] , Spades [16] and Soap Denovo [17] ), on trimmed (MiSeq and Trimmomatic [18] or untrimmed data (only MiSeq software) was created from a pipeline and allowed to perform genome assembly. GapCloser was used to reduce the gaps of each of the six assemblies performed [17] . The contamination with Phage Phix was identified by Blastn against Phage Phix174 DNA sequence and then eliminated. Finally, all scaffolds smaller than 800 bp or with a depth value lower than 25% of the mean depth were removed (identified as possible contaminants). On the basis of different criteria (number of scaffolds, N50, number of N), the best assembly was selected. For strain SN6, Spades gave the best assembly, with a depth coverage of 267.
Genome annotation and comparison
Prodigal allowed to predict open reading frames (ORFs) using default parameters [19] and those that were spanning a sequencing gap region (contained N) were excluded. BLASTP with an E value of 1e-03, coverage of 0.7 and 30% identity was used to search the predicted bacterial protein sequences against the Clusters of Orthologous Groups (COGs) database.
If no hit was found, it searched against the NR database using BLASTP (E value of 1e-03, coverage of 0.7 and 30% identity) and an E value of 1e-05 was used if the sequence's length was shorter than 80 aa. The tRNAScanSE [20] and RNAmmer [21] tools were used to find transfer RNA genes and ribosomal RNA genes, respectively. The number of transmembrane helices and the lipoprotein signal peptides were predicted using Phobius [22] . ORFans were identified if all the BLASTP performed did not yield positive results (E value smaller than 1e-05 for ORFs with sequence length inferior to 80 aa or E value smaller than 1e-03 for ORFs with sequence size larger than 80 aa). These different parameter thresholds had already been used in previous works to define ORFans.
The genomes of each species from the 16S RNA tree used in the comparison were automatically retrieved using Xegen software (PhyloPattern), and the NCBI FTP was used to recover the complete genome sequence, proteome sequence and Orfeome [23] . When the complete genome of one specific strain was not available, we used the complete genome of the same species. All proteomes were analysed with proteinOrtho [24] . For each couple of genomes, a similarity score defined by the mean value of nucleotide similarity between all couples of orthologous genes was computed by average genomic identity of orthologous gene sequences (AGIOS) software. The AGIOS values were calculated from the genome of Xanthomonas and Stenotrophomonas genera. The genome of Xanthomonas massiliensis strain SN6 (FCOY00000000) was compared to that of Xanthomonas vesicatoria ATCC_35937_LMG_911T (AEQV00000000), Xanthomonas gardneri DSM_19127 (AEQX00000000), Xanthomonas axonopodis LMG_538T (JPYE00000000), Xanthomonas sacchari LMG_471T(CP010409), Xanthomonas campestris ATCC_33913 (AE008922), Stenotrophomonas acidaminiphila AMX19 (CP012900) and Stenotrophomonas maltophilia IAM_12423(CP008838). Genome-toGenome Distance Calculator (GGDC) analysis was also performed using the GGDC web server as previously reported by Meier-Kolthoff et al. [25] .
Results

Strain identification and phylogenetic analyses
The first colonies of strain SN6 were isolated after direct inoculation of the stool sample on Columbia agar plates under microaerobic condition at 37°C for 48 hours. The bacterial spectrum obtained by MALDI-TOF MS did not match against the Bruker or our own database. Thus, it was incremented in our database (Fig. 1) . The 16S rRNA sequenced showed that strain SN6 was phylogenetically clustered in the genus of Xanthomonas and presented a sequence identity of 98.08% with Xanthomonas campestris strain ATCC33913 (NR_074936), the phylogenetically closest species with standing in nomenclature [3] (Fig. 2) , which putatively classifies strain SN6 as a member of a new species within the genus Xanthomonas in the phylum Proteobacteria. Thus, we propose the creation of the new species Xanthomonas massiliensis ( Table 1 ). The 16S rRNA gene of Xanthomonas massiliensis strain SN6 is 1508 bp long and was deposited with the accession number AA00102 in the 16S IHU bank and LN881611 in GenBank. A comparison between the spectrum of the strain's protein level and that of the closely related species on the 16S rRNA tree and present in our database was performed in a gel view (Fig. 3) .
Phenotypic characteristics
Xanthomonas massiliensis strain SN6 grows between 28°C and 42°C; optimal growth was observed under aerobic conditions on COS at 37°C and pH7 after 48 hours of incubation. A smaller growth rate was observed under microaerobic atmosphere after 48 hours of incubation, and no growth was observed under anaerobic conditions. Also, a smaller growth rate was observed at pH 7 and 8.5, and no growth was observed above 5% salinity. Colonies of the strain were yellowish, circular, viscous and smooth, nonhaemolytic and approximately 1 to 2 mm in diameter on Columbia agar under aerobic conditions after 48 hours. The colonies became khaki green after 4 days of incubation. The yellow pigments, which are mono-or dibromo arylpolyenes called xanthomonadins [26] , are characteristic of this genus. Bacterial cells were Gram negative, rod shaped, motile and non-spore forming. Observed T relative to other close species. Sequences were aligned using CLUSTALW and phylogenetic inferences were obtained with Kimura two-parameter models using maximum-likelihood method with 1000 bootstrap replicates, within MEGA software. Scale bar indicates 1% nucleotide sequence divergence. 
under electron microscopy, they occur singly or in chains and measure 0.6 μm in diameter and 1.8 to 2.0 μm in length (Fig. 4) .
Biochemical analysis
The catalase activity test was positive, but the oxidase test was negative. Using API ZYM strip for the research of enzymatic activities of strain SN6, positive reactions were detected for alkaline phosphatase, esterase lipase (C8), leucine arylamidase, valine arylamidase, trypsin, acid phosphatase, naphthol-AS-BIphosphohydrolase, β-galactosidase, β-glucosidase, N-acetyl-β-glucosaminidase and α-mannosidase. Esterase (C4), lipase (C14), cystine arylamidase, α-chymotrypsin, α-galactosidase, β-glucuronidase, α-glucosidase and α-fucosidase activities did not show any sign of activity. The study of carbohydrate and its derivatives metabolism using API 50CH showed no fermentation of substrates, except for esculin. API 20NE strip revealed that there was neither nitrate reduction nor indole production, and urease was also negative. The reduction of nitrate to nitrite also makes it possible to differentiate the genus Xanthomonas from the genus Pseudoxanthomonas. On the same strip, positive reactions were observed for gelatin hydrolysis, malate and N-acetylglucosamine, and it also allowed to confirm the assimilation of esculin and β-galactosidase. A panel of 15 antibiotics was tested, and strain SN6 was sensitive to vancomycin, ceftriaxone, ciprofloxacin, clindamycin, doxycycline, erythromycin, gentamicin, penicillin, rifampicin, colistin, fosfomycin and trimethoprim/sulfamethoxazole but resistant to oxacillin, teicoplanin and metronidazole. Table 2 compares the phenotypic characteristics of strain SN6 with those of closely related species. According to the cellular fatty acid methyl ester analysis, the most abundant fatty acid by far was branched 13-methyl-tetradecanoic acid (58%). Many other branched structures were also described for this strain. Several specific 3-OH structures were detected. Minor amounts of unsaturated and saturated fatty acids were also identified. Regarding the differentiation between the species of the genera Pseudoxanthomonas and Xanthomonas, Xanthomonas massiliensis strain SN6 contains up to 4.5 ± 0.2% of 3-hydroxy-11-methyl-dodecanoic acid (C13:0 iso 3-OH) compared to the other species, which have none or only traces (Table 3) .
FIG. 3. Gel view comparing Xanthomonas massiliensis strain SN6
T to other close species. Gel view displays raw spectra of strain SN6 T of loaded spectrum files arranged in a pseudo-gel like look. X-axis records m/z value. Left y-axis displays running spectrum number originating from subsequent spectra loading. Peak intensity is expressed by greyscale scheme code. Colour bar and right y-axis indicate relation between colour of peak and its intensity, in arbitrary units. Displayed species are indicated at left.
FIG. 4. Electron microscopy of Xanthomonas massiliensis strain SN6
T .
Genome properties
The genome of Xanthomonas massiliensis strain SN6 is 3 690 720 bp long with 70.52% GC content (Table 4 , Fig. 5 ). It is composed of four scaffolds (composed of seven contigs). Of the 3196 predicted genes, 3137 were protein-coding genes and 59 were RNAs (two were 5S rRNA, two were 16S rRNA, two were 23S rRNA, 53 were tRNA genes). A total of 2533 genes (80.75%) were assigned as putative function (by COGs or by NR BLAST). A total of 104 genes were identified as ORFans (3.32%). The remaining genes were annotated as hypothetical proteins (350 genes, 11.16%). The distribution of genes into the different COGs functional categories is provided in Table 5 .
Genome comparison
The draft genome sequence of Xanthomonas massiliensis is smaller than that of Stenotrophomonas acidaminiphila, Total is based on either size of genome in base pairs or total number of protein-coding genes in annotated genome.
Stenotrophomonas rhizophila, Xanthomonas gardneri, Xanthomonas sacchari, Xanthomonas campestris and Xanthomonas axonopodis (3137, 3617, 4927, 4565, 3938, 4228, 4168, 4181 and 3904, respectively), but larger than the genome of Pseudoxanthomonas suwonensis (3132). This comparison of genomes between X. massiliensis and the other genetically closest species is shown in Table 6 . In all genomes compared, the distribution of genes into COGs categories is identical (Fig. 6) . Among Xanthomonas species with standing in nomenclature, AGIOS values ranged from 64.76% between Xanthomonas campestris pv. campestris and Stenotrophomonas acidaminiphila to 79.65% between Xanthomonas sacchari and Pseudoxanthomonas suwonensis. When comparing Xanthomonas massiliensis sp. nov. to other species, AGIOS values were in the same range, from 66.21% with Xanthomonas vesicatoria to 80.88% with Xanthomonas sacchari (Table 7) . Among the species with standing in nomenclature, we found that by using the digital DNA-DNA hybridization (dDDH) with the GGDC software, values ranged from 20.8% between Xanthomonas vesicatoria and Pseudoxanthomonas suwonensis to 32.1% between Xanthomonas gardneri and Xanthomonas axonopodis. When comparing Xanthomonas massiliensis to other species, the dDDH value ranged (Table 8) .
Conclusion
Phenotypic characteristics as well as phylogenetic and genomic analyses of strain SN6 suggest that it represents a novel species within the Xanthomonas genus, for which the name Xanthomonas massiliensis sp. nov. is proposed. This bacterial strain was isolated from the faecal flora of an obese Frenchwoman, and the description was based on a single isolate. X. massiliensis is a rod-shaped (0.6 × 1.8-2.0 μm), aerobic and Gram-negative bacterium occurring singly or in chains. Growth was also observed under microaerophilic conditions. Cells are motile with a flagellum and nonsporulating. Fresh colonies were yellow, circular, smooth and viscous with a diameter of 1 to 2 mm on COS. Optimal growth of strain SN6 occurred at 37°C under aerobic atmosphere with a pH of 7 but did not grow at 5% of salinity or under anaerobic conditions. The strain was catalase positive. Tests for nitrate reduction, indole production and urease were negative. API 50CH showed that the only substrate used as a carbon source was esculin. Positive reactions were detected for alkaline phosphatase, esterase lipase (C8), leucine arylamidase, valine arylamidase, trypsin, acid phosphatase, naphthol-AS-BI-phosphohydrolase, β-galactosidase, β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, gelatin hydrolysis, malate and N-acetylglucosamine. The strain was sensitive to ceftriaxone, ciprofloxacin, clindamycin, doxycycline, erythromycin, gentamicin, penicillin, rifampicin, colistin, vancomycin, fosfomycin and trimethoprim/ sulfamethoxazole but resistant to metronidazole, oxacillin and teicoplanin. Predominant fatty acids were 13-methyl-tetradecanoic acid followed by 9-methyl-decanoic acid.
The DNA G + C content is about 70.52%. The 16S rRNA gene and genome sequences were deposited in GenBank under accession number LN881611 and FCOY00000000, respectively. The type strain is Xanthomonas massiliensis strain SN6 T (= CSUR P2129 = DSM 100900) and was isolated from human faeces. 
